In this paper, we evaluate randomly adsorbed cap-shaped silver nanoparticles for applications to surface-enhanced Raman spectroscopy, SERS. They were prepared by depositing silver on top of surface-adsorbed monodisperse SiO2 nanospheres, in a manner similar to the method for preparing metal film on nanosphere, MFON, but one major difference lies in the fact that nanospheres are randomly adsorbed rather than as a close-packed MFON. With random MFON, it is possible to incorporate nanospheres with more than one size. Mixing has been found to increase SERS performance. More specifically, by using 50 and 100 nm nanospheres, we found that substrates containing both types outperform substrates prepared from 100% of either 50 or 100 nm nanospheres. As evaluated by spectrophotometry, this increase could not be attributed to an increase in the extinction coefficient of the substrate at the irradiation wavelength of SERS measurements.
Introduction
SERS is one of the oldest optical analytical techniques based on localized surface-plasmon resonance (LSPR) effects associated with noble metal nanostructures/particles. Since its initial discovery in the 1970s, 1,2 the importance of metal nanostructure/ particle structure has become recognized also for infrared spectroscopy and fluorescence spectroscopy. [3] [4] [5] Among these techniques, infrared spectroscopy has benefitted from enhancement ratios on the order of one hundred, and surfaceenhanced fluorescence spectroscopy, also known as metalenhanced fluorescence, can claim similar enhancement ratios. Meanwhile, enhancement ratios upward of 10 10 have been reported by a large number of groups for SERS, 6 enabling detection of a single molecule. While SERS is about to make an impact in the field of analytical chemistry, 7 a number of technical issues need to be addressed before SERS becomes a routine technique. These are principally reproducibility, stability in the sense of a long shelf-time, and preparation costs.
There are a number of excellent reviews covering various approaches toward requisite substrate preparation [8] [9] [10] so that it suffices to mention that from the initial substrate prepared by electrochemical etching of a silver electrode, advanced nanofabrication tools such as electron beam lithography have been summoned to the task. When more than one particle is located within a tight confine or placed on a metallic surface, the region between them plays a significant role. These "hot spots" are thought to be overwhelmingly responsible for signal enhancement. As a matter of fact, in a system consisting of isolated metal particles, dimers, and other higher-order clusters, isolated particles seem to contribute very little to the overall signals. [11] [12] [13] [14] [15] Through experiments and simulations, it is becoming clear what would constitute an effective "hot spot". The gap must be less than 10 nm wide and preferably formed by two elongated silver features. So-called metal film on nanosphere, MFON, is one of the promising candidates to prepare such features. Van Duyne and his co-workers are some of the earliest to implement this scheme as an extension of nanosphere lithography, NSL. In NSL, a close-packed array of monodisperse nanospheres is first formed on a substrate. After a metal is deposited, the nanospheres are removed, leaving behind an array of quasitriangular features. 16 With MFON, the substrate is used without removing the metal-coated nanospheres. It is more suitable for formation of narrower gaps. When the angle of deposition is perpendicular to the substrate surface, the gap between adjacent particles tend to fill up with the metal, but with angled deposition, the sphere on one side serves as a shadow to create a gap in the metal film. 17 MFON has been demonstrated to be an effective SERS substrate. [18] [19] [20] [21] [22] In principle, MFON is prepared with close-packed nanospheres, but metal particles can also be formed atop a monolayer of randomly adsorbed nanospheres. 23 Some of the features associated with random MFON are (1) spheres do not have to be highly monodisperse, (2) it is possible to mix nanospheres with different diameters to modulate extinction spectra, (3) nanosphere adsorption density can be controlled to modulate the interaction among particles, and (4) a random nanosphere monolayer can be formed over surfaces other than a perfectly flat surface, important in industrial applications. We have explored potentials of random MFON in connection with localized surface plasmon resonance (LSPR) sensing, [23] [24] [25] [26] [27] surface-enhanced fluorescence detection, 28, 29 enhanced colorimetric detection, 30 and surface-enhanced Raman spectroscopy. 31 Figure S1 (Supporting Information) shows a schematic side view of such a structure (A) and an SEM image of a monolayer of densely adsorbed nanospheres 100 nm in diameter (B). As with close-packed MFON, random MFON allows metal nanoparticles to be formed from any metal that can be vacuum-deposited. We have prepared Au, Ag and Cu with apparent optical density exceeding two, with resonant peaks having FWHM of approximately 100 nm in the reflection mode. 23, 24 The peak wavelength can be tuned over the entire visible region as well as into the near infrared region by selection of the nanosphere diameter in the range from tens of nm to hundreds of nm and metal deposition thickness from 5 nm to tens of nm. Baia et al. has also shown such dependence on the deposition thickness with close-packed MFON. 21, 32 The gap distance among adjacent particles also plays an important role. 33 Gap control can be achieved by dry-etching the surface-adsorbed sphere before deposition of the metal on top. 24, 34 In this paper, first we show Raman signals from the random AgFON, Ag film on nanosphere are significantly greater than those from a number of control surfaces such as a monolayer of bare SiO2 nanospheres on a glass slide, a glass slide and a glass slide covered by Ag, using rhodamine 6G, R6G, as a model compound. Then we will show how changing the Ag deposition thickness and the nanosphere diameter affect both the extinction spectrum and SERS spectrum. Then, we demonstrate unique features of random AgFON by modifying the sphere adsorption density. It can be controlled by the concentration of MgCl2 that was added to the sphere suspension during the adsorption process. Salt induced partial aggregation of spheres, thus increasing the adsorption density. Substrates so prepared have been characterized by optical extinction, scanning electron microscopy and SERS measurements. Another approach was to mix nanospheres of different diameters. Specifically, we mixed nanospheres with 50 and 100 nm diameters. Resulting mixture substrates show extinction spectra that were drastically modified. SERS spectra were correspondingly different. Such results are in accord with the knowledge that interactions among particles are critical for effective surface enhancement, and in recent years, multi-scale systems composed of particles of varying sizes have been reported as particularly effective. 35, 36 The random MFON system consisting of nanospheres of different diameters would be a good way to demonstrate and exploit the efficacy of multi-scale systems.
Experimental

Reagents and chemicals
SiO2 nanospheres with nominal diameters of 50, 100, and 150 nm (Polysciences Inc., Silica Microspheres, Cat. No. 24040, 24041, and 24320, respectively) were used without further processing. Unless specified otherwise, 100 nm nanospheres were used. Glass slides were purchased from Matsunami (Osaka, Japan, FF-003) which were treated with 3-aminopropyltrimethoxysilane, APTMS (Wako, Osaka, Japan, Cat. No. 323-74352). A silicone sheet with a regular array of holes with 3 mm diameter (Invitrogen, CultureWell TM Multiwell Chambered Coverslip, Cat. No. C-24780) was used to confine sphere suspension on a glass slide. Magnesium chloride (MgCl2) was purchased from Wako (Cat. No. 139-00185). Silver pellets for vacuum evaporation were purchased from Nilaco Corporation (99.999% purity, Cat. No. 400025). Rhodamine 6G (R6G) was purchased from Sigma-Aldrich (Cat. No. R4127-5G).
Preparation of random AgFON
A glass slide glass was exposed to an aqueous APTMS solution (1 vol%) for 2 min and then blow-dried. Then, a silicone sheet was placed on the glass slide to form wells into which nanosphere suspension was added. Nanospheres began to adsorb onto the glass slide surface immediately with the full coverage achieved in tens of seconds. The extent of the final coverage can be modulated by addition of MgCl2. An increase in the ionic strength leads to screening of the electrostatic repulsive force among nanospheres, leading to an increased adsorption density. Appropriate concentrations ranged from a few mM to a few hundred mM. When AgFON with multiple nanospheres was needed, a nanosphere suspension mixture was prepared by mixing various nanosphere suspensions in required volume ratios before being added to a glass slide. The numbers of Ag nanoparticles per unit area were recorded from SEM images taken with the JSM-7400 F (JEOL, Tokyo, Japan). Three regions with an equal area were arbitrarily chosen from each image, and the average number of nanospheres counted in three regions was used to obtain the adsorption density.
After surface-adsorbed nanospheres were dried, they were placed into a vacuum evaporator, the VFR-200M/ERH (ULVAC KIKO, Inc., Miyazaki, Japan). Ag evaporation was carried out with the vacuum pressure of 5 × 10 -3 Pa or better at a typical evaporation rate of 0.2 nm/s.
SERS measurements
To assure that relative merits of various substrates were actually evaluated, substrates to be compared were prepared on the same day and evaluated at the same time, within a week after preparation. Rhodamine 6G at the concentration of 10 mM in ethanol, was used as a model compound. Substrates were immersed in the R6G solution for 5 min. After substrates were removed from the R6G solution, excess R6G solution was immediately removed by blow-drying to prevent uneven accumulation of R6G molecules on the surface. The R6G concentration was intentionally set high to assure as much uniformity and reproducibility as possible even though it was possible to detect R6G with concentrations well below 1 μM. All Raman spectra were obtained with the Horiba Jovin Yvon HR 800 Raman microscope (Horiba, Kyoto, Japan). Spectra were obtained with 514.5 nm irradiation at the intensity of 50 μW, with a 10× objective in place. The exposure time was 5 s, and three consecutive spectra were averaged. This condition was chosen to minimize the effect of bleaching. Increasing the irradiation intensity by another order of magnitude or use of a 100× microscope objective was found to lead to a noticeable decay in the signal intensity upon irradiation. In most figures to follow, when more than one Raman spectrum are shown, the base lines have been shifted in the vertical direction to facilitate viewing of the multiple spectra.
Extinction spectra were obtained with the USB 4000 Fiber Optic Spectrometer from Ocean Optics in reflection mode. A custom bifurcation fiber was used in combination with the LS-1 Tungsten Halogen Light Source (Ocean Optics) for irradiation. The single end of the fiber bundle consisted of a 1-mm fiber for irradiation surrounded by other 1-mm fibers for guiding the reflected light to the spectrometer. For a reference surface, a plane Ag film with an equivalent thickness was used. For example, if nanospheres were covered with 20 nm of Ag, then a 20-nm thick Ag film, on a glass slide was used as a reference.
Results and Discussion
The SEM image in Fig. S1 (Supporting Information) (B) represents a typical random AgFON substrate. Here 80 nm of Ag was evaporated on a monolayer of densely adsorbed 100 nm diameter nanospheres. With the Ag deposition thickness of 80 nm, almost all nanospheres were in direct contact with their neighbors. These were electrically isolated from the underlying substrate; when a TEM micrograph was obtained of nanoparticles dislodged from the glass slide, one side was free of metal. 24 Here we make a distinction between a nanosphere and a nanoparticle as follows. The former refers to a bare SiO2 nanosphere whereas the latter refers to a nanosphere coated with Ag. AgFON refers to a dense monolayer of Ag nanoparticles. Figure S2 (Supporting Information) is an image of a glass slide with Ag nanoparticles within the central hexagonal region (360 μm across) and bare nanospheres in the surrounding area, under white light illumination from top. It is clear that Ag nanoparticles are significantly superior scatterers than bare nanospheres. Figure 1 shows R6G Raman spectra from various substrates; 100 nm AgFON with 160 nm thick Ag, bare nanospheres without Ag, a glass slide, and a glass slide covered by 160 nm of Ag.
The spectrum from AgFON was by far the most prominent. For this set of measurements, all four substrates were prepared on a single glass slide, side by side, so that they were all immersed in R6G for the same duration at the same time, assuring quantitative comparison.
Next we show the effect of modifying the Ag deposition thickness. Figure 2 shows extinction spectra of 100 nm AgFON with 20, 40, 80, and 160 nm thick Ag. The broken line indicates the irradiation wavelength of 514.5 nm. At this wavelength, extinction varied only from the low of 0.76 and high of 0.92, and there was hardly any peak that might be expected to result in a resonant effect.
Then, we show R6G SERS spectra from the same set of substrates in Fig. 3 . With the increasing deposition thickness, there was a clear increase in the Raman intensity. Judging from intensities of the 1650 cm -1 peak, the 160 nm deposition was found to lead to a further increase by 3.6 fold. It would be expected that 100 nm nanospheres would be buried completely under 160 nm thick silver, but as SEM images in Fig. S3 (Supporting Information), showing nanospheres after deposition of 100 and 500 nm Ag for A and B, respectively, reveal, even with 500 nm of Ag deposited, nanospheres retain their original morphology.
Another parameter that has a large influence was the sphere diameter. Extinction spectra of AgFON prepared from 50, 100, and 150 nm nanospheres with 160 nm thick Ag are shown in Fig. 4 . Corresponding SERS spectra are shown in Fig. 5 . Here, 100 and 150 nm nanospheres show prominent SERS spectra, which also exhibited correspondingly more prominent extinctions.
Next we show results obtained by altering the nanosphere adsorption density. As mentioned in the Experimental section, the nanosphere adsorption density could be controlled by Fig. S5 (Supporting Information) . Most interestingly, the sparsest substrate with no MgCl2 added resulted in the most pronounced peak. Increasing the MgCl2 concentration was found to lead to a reduction in the overall extinction. Obviously as the density increased, collectively nanoparticles behave more like a continuous film rather than isolated nanoparticles so that the space around nanoparticles played an important role in making nanoparticles more efficient scatterers. R6G SERS spectra from the same set of substrates are shown in Fig. S6 (Supporting Information), with the inset showing intensities of the 1650 cm -1 peak.
As the last type of morphology explored in this paper, we show results from mixture substrates, consisting of nanospheres of different sizes. Mixture substrates were made by first mixing 100 and 50 nm nanosphere suspensions (5.59 and 5.9% aqueous suspensions, respectively) with various volume ratios. The volume ratio was set at 100:0, 80:20, 60:40, 40:60, 20:80, and 0:100. Resulting substrates, henceforth to be referred to as 100, 80, 60, 40, 20 and 0% substrates, exhibited widely varying extinction spectra as shown in Fig. 6 where the Ag thickness was 160 nm. There was a rapid drop in extinction at 514.5 nm with an increase in the proportion of the smaller nanosphere.
R6G SERS spectra from these substrates are shown in Fig. 7 . Both 100 and 80% substrates were characterized by equally strong scattering, but with a further increase in the proportion of the smaller nanosphere, scattering rapidly diminished. Having realized that the morphology of the 100 and 80% substrates were quite distinct, we decided to take a closer look at this mixture ratio regime. Figure 8 shows SEM images of 100, 96, 92, 88, 84 and 80% substrates, from A to F.
In all, the proportion of the smaller nanoparticles to that of the larger nanoparticles significantly surpassed what would be expected from the volume ratio of the original nanosphere mixture suspension.
Apparently, the 50 nm nanosphere adsorbed onto the glass surface more preferentially. Specifically, the adsorption density of nanospheres for the 100% substrate was 48.3 per μm 2 whereas for the 80% substrate, densities were 17.4 and 60.9 per μm 2 for the larger and smaller nanospheres, respectively. Data for other substrates are shown as a bar graph in Fig. S7 (Supporting Information) . With the mixture ratio of 96%, the density of the smaller nanoparticles was already greater than that of the larger nanoparticles. As the proportion of the 50 nm nanosphere increased, one would expect a reduction in SERS signal intensities because the smaller nanoparticles was significantly less effective as has been seen in Fig. 5 . R6G SERS spectra of these substrates are shown in Fig. 9 . Intensities of the 1650 cm -1 peak are shown as a bar graph in the inset.
There have been a number of reports on use of MFON as a substrate for SERS, and its effectiveness has been proven. MFON has advantages of simplicity in preparation, controllability in the particle size and thickness and is superbly suited for formation of gaps. [18] [19] [20] [21] [22] 32 Van Duyne et al. were some of the earliest workers to demonstrate its utility by showing SERS spectra of BPE and pyridine. 18 Later, they explored the diameter dependence by employing nanospheres with diameters ranging from 390 to 600 nm. The enhancement as high as 200000 over control surfaces was reported. 19 The size dependence was also explored by Baia et al. 21, 32 In these papers, nanospheres were coated by gold. In their case, substrates were prepared with nanospheres 220 or 400 nm in diameter and evaluated by depositing R6G. While it is generally more difficult to use smaller diameter nanospheres for making a close-packed MFON, Jeong et al. managed to form such an array with nanospheres with 100 nm diameter. 22 The fact that metal deposited on surface-adsorbed nanospheres is shaped like a half-shell is considered important. Nano coreshells consisting of a metal nanoparticle with a dielectric core have been explored in detail. In comparison to solid metal particles, they are apparently more effective for SERS. 9, 37 Improvement in the performance can also result from reduced symmetry.
With close-packed MFON, it is reasonable to assume that every junction formed by every pair of two adjacent metal particles would generate a hot spot of more or less equal strength. However, Dlott et al. have reported that of a million such potential junctions, some were significantly hotter than the rest. 38 In one example, it was speculated that the hottest 63 hot spots contribute some 24% of the total signal. This shows that even when two junctions look identical under the scrutiny of SEM observation, they make widely different contributions.
Close-packed MFON comes close to the limit of what can be produced with high precision over a macroscopic area; even with the power of electron beam lithography, controlling the geometry of the junction is difficult if the smallest feature dimension is below 10 nm. It is necessary to come up with a way to prepare a practical structure that may provide more effective hot spots, both in terms of the strength of the near-field and number. One answer might be to incorporate a certain amount of randomness to MFON. Random systems have been receiving increasing attention. Some are called aperiodic while some others are referred to as self-similar. Stockmann et al. have described a chain of metal particles whereby the size changes along the length of the chain. 39 As a surface plasmon propagates along the chain, the optical energy was assumed to become concentrated and tremendously strong hot spots were generated at successive junctions. The enhancement was thought to be particularly effective when the difference in size spans over a large scale. Experimentally, Reinhard and Kneipp have been directing their efforts toward such systems. 36, 40 Reinhard and his co-workers, using electron beam lithography, have created what they call nanocluster arrays, and having "satellite" on larger sphere is particularly effective. 36 Kneipp et al. have been working with preformed particles which are induced to aggregate by controlling ionic strength. In such systems, even relatively large gaps seem effective. 40 Baia et al. have made observations in connection with randomness of nanoparticles; in one of their papers, 21 they made a comparison among SERS signals from three types of domains. Principally, they were carrying out a study on a highly ordered lattice system but when they also measured signals from two other types of domain, random and double layered, they noticed that the random domain gave the highest signals, stating that "the randomly self-assembled nanospheres and nanocavity arrays provide more efficient SERS substrates than regular nanostructures".
Thus, random MFON leads to some interesting results. First of all, our study with modification of the adsorption density shows that the highest density substrate does not lead to the highest total intensity. Of substrates whose SEM images are presented in Fig. S4 (Supporting Information) , B with the adsorption density of 50.4 per μm 2 give the largest 1650 cm -1 peak; A and C, with the adsorption density of 43.8 and 55 μm -2 , result in a slightly diminished 1650 cm -1 peak of equal height, within 0.3% of each other. In terms of the signal intensity per particle, A is 25% more effective than C. B follows A in effectiveness, each particle contributing, however, only as much as 92.7%. As for D and E, the adsorption density is higher, but the overall SERS intensity diminishes as can be seen in the inset in Fig. S6 (Supporting Information) . Thus, A with the least number of particles per unit area is most effective by far. This simple observation does not take into account that it is not individual particles that contribute to SERS signals; rather, it is higher-order clusters consisting of more than a single particle that contribute to SERS. In that sense, A might be characterized as having more clusters than the rest of the substrates. Substrates C, D and E consist of more or less a continuous film. In contrast, A and, to some extent, B show clusters that are island like; particle clusters are arranged like a collection of islands.
On the other hand, thicker Ag deposition should result in continuous films rather than a group of discrete nanoparticles, but as extinction spectra in Fig. 2 show, a peak grew rather than becoming diminished even though the peak did not coincide with the wavelength of the irradiation laser. SERS spectra in Fig. 3 indicate that the SERS intensity also increased with the deposition thickness. While an increase in the total surface area, thus of adsorbed R6G molecules, cannot be excluded, comparison of two images in Fig. S3 (Supporting Information) dictates against that.
Such dependence on the adsorption density has been observed in connection with surface-enhanced fluorescence. 29 As the density was reduced from the saturation level, the overall signal intensity increased. Especially in terms of the signal intensity per number of particles, this trend was even more noticeable.
When one carries out this simplified analysis to the mixture system, we come up with the following result. If the comparison among nanospheres of different diameters, in terms of the intensity of the 1650 cm -1 peak, shown in Fig. S5 (Supporting Information) is used as the guide, the 50 nm nanosphere substrate produced only as little as 10.8% as from the 100 nm nanosphere substrate even though the nanosphere adsorption density was higher for the 50 nm nanosphere at 92.5 vs. 48.3 μm -2 for the 100 nm nanosphere. By taking this into account, a single 50-nm nanoparticle was estimated to contribute only as little as 5.6% of what a single 100-nm nanoparticle produces. If one combines this piece of information with data in Fig. S7 (Supporting Information) , it is possible to obtain a rough estimate for the intensity of the 1650 cm -1 peak for mixture substrates. Figure S8 (Supporting Information) summarizes the result. The light bars reflect actual data while the dark-colored bars show predicted values. Discrepancy between these two groups is quite remarkable; for example, for the 80% mixture substrate, the actual peak height is 3.4 times the predicted value. Seen from another perspective, the intensity of the 1650 cm -1 peak for the 80% mixture substrate was 47% higher than that of the 100% (fully 100 nm nanospheres) substrate even though its extinction at the excitation wavelength of 514.5 nm is 24.9% less.
Obviously, one cannot treat these substrates as discrete nanoparticles. As is reportedly widely, clustering significantly leads to an increase in SERS spectra. The observation immediately above shows that clustering of nanoparticles of different dimensions are better still. At this stage, we can only speculate what model would predict such behaviors. In the past, we showed that a model based on dimers playing a dominant role could describe extinction spectra of cap-shaped gold nanoparticles in the visible and near-IR regions; 27 currently we are trying to find out whether more complicated clusters such as trimer or tetramer are more appropriate. At the same time, further work on characterizing gap junction areas within a cluster is needed. Particularly when two nanospheres of significantly different diameters touch each other, the height difference may make the larger nanosphere shadow the gap junction. We intend to obtain more detailed information on morphology with the aid of a helium ion microscopy. This instrument, as used in our earlier work, is highly suited for the task not only because of an excellent spatial resolution but because it does not require the substrates to be coated with an additional layer of an electrically conducting material.
Conclusions
In this paper, we show that random MFON prepared from randomly adsorbed SiO2 nanospheres are quite effective as SERS substrates. A reduction in the number of Ag nanoparticles per unit area was more than compensated by a morphology more suited for creation of hot spots. The nanosphere diameter and metal deposition thickness are two important parameters that regulate the extinction spectrum and the enhancement ratio. Beside these two parameters, use of random MFON allowed us to explore dependence on the adsorption density and importance of interactions among nanospheres of different diameters. More specifically we observed that the following are important for optimizing SERS performance: (1) introduction of slight space among nanospheres, (2) a silver layer thick enough to bridge the gap between two adjacent layers, and (3) mixing of nanospheres with different diameters.
Another advantage of random MFON is the intrinsically low cost of preparation. It requires neither highly monodisperse nanospheres nor precisely flat surfaces for formation of a nanosphere monolayer, allowing use of inexpensive glass or polymer surfaces as the substrate. It is our hope that random MFON will play an important role in spreading the use of SERS to industrial settings.
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